










































Lithological control on the geomorphic evolution of the Shillong
Plateau in Northeast India
Citation for published version:
Strong, CM, Attal, M, Mudd, SM & Sinclair, HD 2019, 'Lithological control on the geomorphic evolution of the
Shillong Plateau in Northeast India', Geomorphology, vol. 330, pp. 133-150.
https://doi.org/10.1016/j.geomorph.2019.01.016
Digital Object Identifier (DOI):
10.1016/j.geomorph.2019.01.016
Link:






Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.
Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.
Download date: 22. Feb. 2020
  
Lithological control on the geomorphic evolution 1 
of the Shillong Plateau in Northeast India.  2 
Callum M. Strong1, Mikaël Attal1, Simon M. Mudd1, Hugh D. Sinclair 1  3 
1University of Edinburgh, School of GeoSciences, Drummond Street, EH8 9XP, UK 4 
Correspondence to: Callum Strong (C.M.M.Strong@sms.ed.ac.uk) 5 
 6 
Abstract 7 
The Shillong Plateau in Northeast India is a block of raised topography in the Himalayan 8 
foreland which consists of crystalline basement rocks partially covered by a Cretaceous to 9 
Miocene sedimentary succession. It is dominated by a mature, low relief landscape 10 
surrounded by high relief, fluvially dissected margins, particularly along its southern flank 11 
which is bounded by the Dauki thrust Fault. We use river profiles and geological 12 
relationships to show that the low relief plateau is a topographic expression of a re-exposed 13 
basement palaeosurface following the stripping of sedimentary cover by scarp retreat. We 14 
show that initiation of the wave of incision does not require surface rupture on the Dauki 15 
Fault or an increase in fault slip rate at the end of the Miocene, as suggested by previous 16 
studies. We propose that incision has been spatially controlled by the slope of the basement 17 
palaeosurface, likely moderated by an incision threshold. River profiles in the Shillong 18 
Plateau cannot be interpreted as simple records of surface uplift. The observed 19 
heterogeneous spatial pattern of steepness is a function of a dynamic landscape response to 20 
the erosion of layered lithology with contrasting erodibility. Such dynamics have 21 
*Revised manuscript with no changes marked
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implications for fluvial geomorphology, highlighting that near-horizontal lithological 22 
contacts can strongly influence river profiles and topography, even when no longer 23 
physically preserved. The topography of the northern Shillong Plateau is controlled by the 24 
structure of basement rocks and is reminiscent of stable cratonic interior landscapes, 25 
consistent with its surface exposure during late Cretaceous times. 26 
 27 
Keywords: Shillong Plateau; erosion; lithology; river profile. 28 
  29 
  
1. Introduction 30 
The Shillong Plateau, situated in the Eastern Himalayan foreland in Northeast India, is a 31 
regionally important structure reflecting a change in the dynamics of the India – Eurasia 32 
collision at the front of the Himalaya (Johnson and Alam, 1991; Grujic et al., 2006; Biswas et 33 
al., 2007; Banerjee et al., 2008; Bookhagen and Burbank, 2010; Vernant et al., 2014; Kumar 34 
et al., 2015; Najman et al., 2016). The plateau is surrounded to the north, east and south by 35 
the Eastern Himalaya, the Indo-Burman ranges and the Bengal basin, respectively (Fig. 1, 2). 36 
It influences sedimentation in the Brahmaputra valley and Bengal basin (Najman et al., 2016; 37 
Govin et al., 2018), monsoon precipitation in the Himalaya (Grujic et al., 2006; Biswas et al., 38 
2007; Bookhagen and Burbank, 2010) and regional earthquake hazard (Sukhija et al., 1999). 39 
The plateau consists of an actively uplifting block of Indian crystalline basement rocks with 40 
patchy Cretaceous and Tertiary cover sediments in the west, south and east (Fig. 1, 2).  41 
Recognition of the Shillong Plateau’s unusual structural setting (e.g., Bilham and England, 42 
2001) has led to intensification of studies in the last decade. Recent evidence from 43 
thermochronology (Biswas et al., 2007; Clark and Bilham, 2008) and sedimentology (Najman 44 
et al., 2016; Govin et al., 2018) have been seminal in developing a temporal framework for 45 
the geological and geomorphological evolution of the Shillong Plateau, in particular for 46 
revealing an apparent lag time between rock exhumation (beginning in the Miocene) and 47 
surface uplift of the plateau. However, the exact timing of events and the factors driving this 48 
lag time and the morphological evolution of the plateau are still currently debated.  49 
 50 
Plateau formation and the planation of bedrock surfaces was a subject at the core of 51 
‘classical’ geomorphology (see reviews by Twidale, 1992; Orme, 2007). In a modern era of 52 
  
process study and quantification, the focus of geomorphology has largely shifted from 53 
ancient Gondwanan landscapes to the study of tectonically active, eroding mountain ranges. 54 
The Shillong Plateau exhibits a mix of characteristic features from both tectonically active 55 
settings and ancient cratonic landscapes (Migoń and Prokop, 2013; Prokop, 2014). Active, 56 
crustal scale thrust faults (Bilham and England, 2001; Mitra et al., 2005) and high relief, 57 
fluvially dissected plateau margins are juxtaposed against a relatively low-relief plateau 58 
interior complete with mature multi-concave topography and the deep weathering of 59 
crystalline basement rocks (Migoń and Prokop, 2013; Prokop, 2014). Based on 60 
understanding from many active mountain ranges, it is reasonable to suggest that the 61 
erosion of several kilometres of rock in response to sustained rock uplift should result in the 62 
development of incised, high-relief mountainous topography. However, despite the erosion 63 
of >3 km of sedimentary rocks from the Shillong Plateau since Miocene times (Biswas et al., 64 
2007; Clark and Bilham, 2008), the plateau’s topography is distinctly flat. In addition, despite 65 
extremely high precipitation rates that can exceed six meters per year (Bookhagen and 66 
Burbank, 2006; Rosenkranz et al., 2018), erosion rates are low, between ~0.05 and 0.2 67 
mm/yr, and do not correlate well with precipitation (despite a 7x variation in annual 68 
precipitation rates) or landscape steepness (Rosenkranz et al., 2018).  69 
 70 
As mentioned above, some studies have highlighted a lag time between the onset of rock 71 
uplift and surface uplift of the plateau, which may explain some of the plateau’s peculiar 72 
geomorphological features. Biswas et al. (2007) and Clark and Bilham (2008) dated the 73 
initiation of rock uplift and exhumation to before 8-15 Ma using apatite (U-Th-[Sm])/He and 74 
apatite fission track thermochronology. Thermal modelling by Biswas et al. (2007) yielded 75 
exhumation rates ranging between 0.2 and 0.6 mm/yr with a later stage deceleration: their 76 
  
samples may have reached the surface ‘as early as, or any time after 5.5-3.5 Ma’. These 77 
authors also showed that the sedimentary cover of the northeastern plateau region was 78 
minimal relative to the south where a thickness of 3 - 6 km of Upper Cretaceous to Miocene 79 
succession has been eroded (Fig. 2). Using stratigraphic analysis and flexural modelling of 80 
sediments in the Surma Basin situated immediately south of the Shillong Plateau, Najman et 81 
al. (2016) deduced that significant surface uplift of the plateau began 3.5-2 Ma ago, 82 
confirming the temporal decoupling between the onset of exhumation in Miocene times 83 
and the surface uplift. Rosenkranz et al. (2018) estimated that surface uplift began 3-5 Ma 84 
ago by combining catchment-averaged and bedrock erosion rates derived from cosmogenic 85 
nuclides concentrations with estimates of volumes eroded inferred from reconstructed 86 
palaeosurfaces across the plateau. Finally, Govin et al. (2018) dated the diversion of the 87 
Brahmaputra River as a result of the rise of the Shillong Plateau to between 4.9 and 5.2 Ma 88 
using detrital zircon U-Pb data, earlier than previous studies. They argue their approach 89 
dates initiation of the surface uplift of the Shillong Plateau more sensitively than previous 90 
approaches, as only limited topographic uplift is needed before river diversion occurs (unlike 91 
flexural loading; Najman et al., 2016).  92 
 93 
To explain the ~4-12 Ma time lag between the onset of exhumation and significant surface 94 
uplift, Biswas et al. (2007) proposed a model where the erosional removal of the highly 95 
erodible sedimentary cover initially occurred at a rate matching the uplift rate, possibly 96 
facilitated by fluvial bevelling by the Brahmaputra, therefore limiting surface uplift (Bufe et 97 
al., 2016; Rosenkranz et al., 2018). The authors suggest that when the more resistant 98 
crystalline basement rocks were exposed at the surface, erosion could no longer keep pace 99 
with rock uplift and significant surface uplift began. This model, which accounts for the late 100 
  
stage deceleration evidenced in the thermochronology studies (Biswas et al., 2007; Clark 101 
and Bilham, 2008), has since been supported by erosion rates derived from detrital 102 
cosmogenic nuclide concentrations in bedrock and river sands, combined with topographic 103 
analysis (Rosenkranz et al., 2018).  104 
 105 
In a challenge to the Biswas et al.’s  (2007) model of exhumation / uplift decoupling, Govin 106 
et al. (2018) argue that the ~3.5 Ma lag between the deflection of the Brahmaputra River 107 
(supposedly resulting from initiation of the surface uplift) and the arrival of significant 108 
amounts of basement-derived sediment from the Shillong Plateau in the Surma Basin (after 109 
1.5 Ma, as presented in Bracciali et al., 2016, and Najman et al., 2012) is evidence that the 110 
exhumation of more resistant basement rock ‘is not the dominant factor responsible for the 111 
change from exhumation to surface uplift’. The authors argue for an increase in the Dauki 112 
fault slip rate, which would be consistent with the substantial increase in the rotation of the 113 
Shillong block in the past 4-8 Ma needed to explain the discrepancy between GPS-measured 114 
convergence rates and long-term uplift rates across the region (Vernant et al., 2014). The 115 
findings of key studies regarding the chronology of Shillong Plateau uplift are summarised in 116 
Table 1. 117 
 118 
Building on the numerous studies which have used topographic data as ancillary support for 119 
various geological models of the Shillong Plateau’s evolution (e.g., Bilham and England, 2001; 120 
Rajendran et al., 2004; Biswas et al., 2007; Clark and Bilham, 2008; England and Bilham, 121 
2015; Najman et al., 2016; Rosenkranz et al., 2018), we combine topographic analysis of 122 
river channels, field observations and recent numerical model developments to re-evaluate 123 
the controls on the Shillong Plateau’s topographic and erosional patterns. In particular, we 124 
  
ask whether the Biswas et al.’s (2007) model of topographic evolution featuring the 125 
differential erosion of rocks with contrasting resistance to erosion can be invoked to 126 
account for the existing discrepancies between (i) the thermochronological and 127 
morphological records of surface uplift and (ii) the arrival of significant amounts of 128 
basement-derived sediment in the sedimentary basin to the south. We also investigate 129 
whether the topography of the Shillong Plateau can be used to infer information about its 130 
large scale tectonic structure, notably the location and character of major plateau bounding 131 
faults.  132 
 133 
2. Study Area 134 
The Shillong Plateau is an approximately rectangular (elongated east to west) area of 135 
topography at an average elevation of ~1200 m (maximum >2000 m) covering ~ 30000 km2 136 
(Fig. 1). Numerous studies have noted the prominent headward erosion signals propagating 137 
through the rivers draining the southern plateau margin, evidenced by large-scale 138 
knickzones in the channel network (e.g., Biswas et al., 2007; Prokop, 2014; Rosenkranz et al., 139 
2018) (Fig. 1). While some knickpoints are associated with lithological boundaries at the 140 
local scale (Migoń and Prokop, 2013; Prokop, 2014), many major knickpoints in south-141 
draining catchments do not correlate with lithological contacts, instead suggesting this 142 
signal is associated with the propagation of an erosional front in response to tectonic uplift 143 
(e.g., Biswas et al., 2007; Rosenkranz et al., 2018) (Fig. 1). The high relief of the southern 144 
plateau margin orographically focusses extreme Indian Summer Monsoon precipitation and 145 
makes it officially the wettest place in the world; annual precipitation can exceed a record 146 
breaking 26000 mm and single day rainfall totals of >1500 mm have been recorded (Murata 147 
et al., 2007). There is a strong orographic precipitation gradient increasing north to south 148 
  
across the Shillong Plateau, with annual precipitation varying from 1600 mm in the 149 
Brahmaputra valley to the north to 6000-12000 mm on the southern edge of the plateau 150 
(Murata et al., 2007; Prokop, 2014). 151 
 152 
Estimates of the India – Eurasia crustal shortening accommodated across the Shillong 153 
Plateau vary from 0.7-2.3 mm/yr (Biswas et al., 2007) to 4-7 mm/yr (Banerjee et al., 2008). 154 
This shortening is accommodated by plateau bounding, crustal scale faults to the north and 155 
south (Bilham and England, 2001), although the detailed structure remains contentious (e.g., 156 
Najman et al., 2016). The Dauki Fault follows the linear southern plateau margin and is 157 
recognised as a steep north-dipping thrust fault (Fig. 1) that is primarily responsible for 158 
plateau uplift (Bilham and England, 2001); whether the strikingly linear southern boundary 159 
of the plateau actually represents the Dauki fault trace at the surface or the axial trace of a 160 
large scale, south-vergent monocline produced by a Dauki Fault that only exists at depth, is 161 
debated (Clark and Bilham, 2008).  162 
 163 
Following modern analysis of observations originally made by Oldham (1899) from the 164 
‘Great Assam Earthquake’ in 1897 (Mw = ~8.3), Bilham and England (2001) proposed the 165 
existence of a steep, south-dipping, ~NW-SE trending thrust fault at depth in the north of 166 
the plateau, which has been interpreted as the structural boundary of the plateau to the 167 
north. Despite the strength of geological and seismic evidence for the ‘Oldham Fault’ 168 
(Bilham and England, 2001; Biswas et al., 2007; Kayal et al., 2012; England and Bilham, 2015), 169 
as well as evidence from a series of geomorphic indices (e.g., slope-area analysis by Clark 170 
and Bilham, 2008; valley depth by England and Bilham, 2015), the contrast in the 171 
topographic expression of faults between the south and the north of the plateau led some 172 
  
authors to question the importance of the Oldham Fault within the modern tectonic 173 
framework (Rajendran et al., 2004). The topographies of the western and south-eastern 174 
regions of the Shillong Plateau are influenced by different tectonic regimes: to the west, the 175 
Dauki fault becomes less important and another major tectonic feature, the Dapsi Thrust, 176 
dominates (Fig. 2); in the southeast, the Dauki fault undergoes a complex transitional 177 
interaction with the Haflong-Disang Faults and the Indo-Burman ranges (Fig. 2). As such, this 178 
study is limited to consideration of the central Shillong Plateau to the north of the Dauki 179 
Fault, where the findings of recent thermochronology and tectonic studies enable 180 
integration with the geomorphology.  181 
 182 
3. Methods 183 
Our study is based on the analysis of topographic data and direct field observations. We use 184 
30-m resolution Digital Elevation Models (DEM) from the Shuttle Radar Topography Mission 185 
(SRTM) which can be downloaded freely from the Open Topography website: 186 
http://www.opentopography.org/. To link changes in morphology to potential changes in 187 
rock types exposed or to the presence of faults, geological maps from Yin et al. (2010) and 188 
Mukherjee et al. (2012a, 2012b, 2013a, 2013 b, 2013c, 2014) were georeferenced using the 189 
spatial references provided within; where spatial references generated poor correlation 190 
with the observed topography within the geographic projection used (World Geodetic 191 
System (WGS) 1984, Zone 46N) or were absent, georeferencing was performed using 192 
distinctive topographic features expressed in the geological maps. The morphology of the 193 
plateau was analysed as a whole through comparison of topographic and swath profiles, 194 
whereas rivers were analysed through their profiles and plan view using an approach that 195 
  
integrates drainage area along flow length (the so-called ‘integral approach’, e.g., Perron 196 
and Royden, 2013), as described below. 197 
 198 
In unglaciated, eroding landscapes, fluvial incision sets the base level for all other 199 
geomorphic erosion processes. To investigate landscape evolution, it is therefore 200 
appropriate to examine spatial patterns of erosion in rivers (e.g., Stock and Montgomery, 201 
1999; Kirby and Whipple, 2001; Kirby et al., 2003; Snyder et al., 2003; Wobus et al., 2006; 202 
Miller et al., 2007; DiBiase et al., 2010; Kirby and Whipple, 2012). For over a century, 203 
workers have reasoned that steeper channel slopes should result in faster erosion, all else 204 
equal (e.g., Gilbert, 1877). However, casual observers of topography have noted that 205 
headwaters are steeper than lowland channels, leading many authors to propose that 206 
erosion should also correlate with discharge (e.g., Howard and Kerby, 1983). A 207 
normalization is therefore required to compare channel gradients for channels of different 208 
discharge (or drainage area, often used as a proxy for discharge). Morisawa (1962) and Flint 209 
(1974) noted that a number of properties of channels, such as gradient (S) and drainage 210 
area (A), are related via power laws, and proposed the following relationship: 211 
 212 
     
            (1). 213 
 214 
The two empirical coefficients, ks and θ, are called the steepness index and concavity index 215 
respectively, as ks defines how steep the slope S of a river is for a given drainage area A, and 216 
θ defines how concave a river profile is by controlling how quickly slope increases when 217 
drainage area decreases. Many authors have found a relationship between measured 218 
erosion rates and ks (Ouimet et al., 2009; DiBiase et al., 2010; Scherler et al., 2014; Mandal 219 
  
et al., 2015; Harel et al., 2016). Spatial variations in the steepness index have therefore 220 
frequently been interpreted in terms of spatial variations in erosion or rock uplift rates 221 
assuming homogenous erodibility of the bedrock (e.g., Kirby and Whipple, 2012). However, 222 
the gradient S needed to calculate ks suffers from a substantial amount of noise when 223 
derived from topographic data (e.g., Wobus et al., 2006). To avoid this problem, Royden et 224 
al. (2000) suggested integrating drainage area along flow distance to create normalized river 225 
profiles as a function of elevation. Because the slope term in equation (1) is the same as the 226 
derivative of elevation with respect to distance (i.e., S = dz/dx), equation (1) may be 227 
integrated from an arbitrary base level location (xb) to any point along the channel, x (e.g., 228 
Whipple et al., 2017a): 229 
 230 
            
  
  
     
  




         (2), 231 
 232 
where A0 is a reference drainage area, introduced to nondimensionalize the integrand in 233 
equation (2). We can then define a longitudinal coordinate, χ, with dimensions of length 234 
(Royden et al., 2000; Perron and Royden, 2013):  235 
 236 
    
  




  .          (3). 237 
 238 
The longitudinal coordinate χ (‘chi’) is defined in such a way that: 239 
 240 
            
  
  
             (4). 241 
 242 
  
The coordinate can be calculated from topographic data for a fixed ‘reference’ value of θ 243 
(called θref). If we set A0 = 1 m
2, then from equation (4) we see that the ‘normalized’ 244 
steepness index (i.e., steepness index for a fixed value of θ, called ksn) is the local slope of 245 
the elevation profile in χ-space. Using these transformed river profiles, we can compute the 246 
normalized steepness index and make inferences about the causes of spatially varying ksn, 247 
including variations in erosion rates and/or bedrock erodibility. 248 
 249 
Accordingly, longitudinal river profiles from 15 major catchments (Fig. 3) radially draining 250 
the Shillong Plateau were extracted from the 30-m resolution SRTM data. All χ coordinates 251 
for production of ksn maps and χ profiles were calculated using a reference θref of 0.5, which 252 
was determined as the best fit for the study area following the methods of Mudd et al. 253 
(2018); this value is in the range of expected concavity values (typically 0.35 ≤ θ ≤ 0.65, e.g., 254 
Hack, 1957; Wobus et al., 2006; Kirby and Whipple, 2012). Longitudinal and χ profiles were 255 
produced for all main channels and all connecting tributaries, and ksn values were extracted 256 
using the method of Mudd et al. (2014).  257 
 258 
Where drainage basins share a base level, map visualization of the longitudinal χ coordinate 259 
can reveal disequilibrium (or lack of it) between competing drainage basins (Willett et al., 260 
2014; Giachetta et al., 2014). High contrasts in χ coordinate across a drainage boundary may 261 
indicate that the basin with lower χ values aggressively gains area via river capture and 262 
divide migration at the expense of the neighboring catchment (Willett et al., 2014). Recent 263 
work has questioned the reliability of this method to assess the competition between large 264 
basins with spatially distant base levels, as local changes in uplift rate or rock type can 265 
influence the χ coordinate (Whipple et al., 2017b). However, we believe the method can 266 
  
highlight relatively recent drainage reorganizations along divides shared by catchments with 267 
outlets in close proximity, such as adjacent tributaries. Therefore, we produced a map of the 268 
χ coordinate to investigate equilibrium between major catchments draining either to the 269 
south or to the North of the Shillong Plateau, in order to shed light on the evolution of 270 
catchment shape. We anticipate seeing a correlation between high χ contrasts across 271 
drainage divides and evident river capture events. River captures can also be identified by 272 
visual identification of headless channels in Google Earth satellite imagery. The southern 273 
catchments for which we plot χ coordinates all drain to the Bangladeshi plain along the 274 
Surma River, all having an outlet elevation of 10-15 m which we assume corresponds to a 275 
common base level. For the northern catchments, we used the Brahmaputra River as the 276 
common base level (elevation of 40-55 m). 277 
 278 
4. Results  279 
4.1. Elevation, relief and drainage network planform. 280 
The southern and central plateau is characterized by a high elevation (1000-2000 m) 281 
relatively low relief (50-150 m) plateau surface forming a large scale topographic dome with 282 
typical surface slopes of 0-5° (Fig. 1, 4), dipping most steeply in a southerly direction 283 
towards the Dauki fault. At the local scale, this surface is characterized by convex rolling hills 284 
with alluvial river valleys. Along the southern plateau margin and in the northwest of the 285 
plateau, this low relief surface has been spectacularly incised by rivers, resulting in up to 286 
1500 m of vertical relief (Fig. 1, 4, 5). Valley depth along the southern margin is greatest in 287 
the center of the Plateau and decreases towards the east and west (Fig. 4). 288 
 289 
  
The landscape in the northeast of the Plateau has a lower elevation (500-1000 m) and 290 
features more uniform relief; the sharp topographic contrast between incised valleys and 291 
plateau surfaces observed in the southern plateau is absent (Fig. 4). The boundary between 292 
the northern plateau margin and the Brahmaputra valley sedimentary basin is highly 293 
irregular, appearing topographically ‘filled’ by valley sediments (with valley sediment 294 
onlapping on steep valley sides; Fig. 1). This contrasts with the linear boundary of the 295 
southern plateau (Fig. 1), which has been suggested to represent the linear trace of the 296 
Dauki Fault (Biswas and Grasemann, 2005). 297 
 298 
As mentioned in the methods section, the difference in base level elevation between 299 
northern and southern catchments, as well as the morphological complexity of the ~500 km-300 
long stretch of the Brahmaputra River between where northern and southern catchments 301 
join, preclude a direct comparison of χ values between northern and southern catchments. 302 
However, longitudinal χ coordinate mapping can be used to reveal potential (dis)equilibrium 303 
between catchments sharing the same base level (northern catchments and southern 304 
catchments). Southern catchments that drain across the Dauki Fault show significant 305 
differences in χ values across internal drainage divides, particularly around the northern 306 
edges of interfluve plateau remnants surrounded by deeply incised river valleys (Fig. 6). This 307 
difference in χ values across internal drainage divides suggests ongoing drainage 308 
reorganization (e.g., Willett et al., 2014). Abundant headless channels, indicative of river 309 
capture, are evident on these plateau remnants and preferentially occur where plateau 310 
remnants are bound to the north by deeply incised channels (Fig. 6). Differences in χ 311 
coordinate are also notable along the divide separating the Umngot catchment (#14) from 312 
the Myntdu catchment (#15) to the east (Fig. 3, 7a). Differences in χ coordinate between 313 
  
northern catchments are not as prominent, except in the narrowest stretch of the Umiam 314 
catchment (#6). Catchments in the southwest of the Shillong Plateau all display some 315 
preferential elongation in the northeast to southwest direction. Similarly, many catchments 316 
draining to the northeast of the plateau are also elongated in the NE-SW direction, 317 
demonstrated to an extreme degree by the Umiam catchment (#6, Fig. 3). 318 
 319 
4.2. Spatial patterns of channel steepness  320 
Before interpretation of channel elevation and χ profiles, it is important to identify spatial 321 
changes in lithology which would influence rock erodibility and therefore channel steepness.  322 
The task of determining exactly where lithological contacts are in the Shillong Plateau is 323 
complicated by significant spatial disagreements between the primary sources used (e.g., 324 
Yin et al., 2010; Mukherjee et al., 2012a, 2012b, 2013a, 2013b, 2013c, 2014). Lithological 325 
contacts in Yin et al. (2010) often follow topographic features and lineaments, suggesting 326 
that some contacts were surveyed using satellite imagery. When disagreement occurs, we 327 
refer to the Geological Survey of India’s District Resource Map series by Mukherjee et al., 328 
(2012a, 2012b, 2013a, 2013b, 2013c, 2014) which is based on field mapping. Linear 329 
geological features are exploited by rivers throughout the plateau (Gupta and Sen, 1988; 330 
Das et al., 1995; Biswas and Grasemann, 2005; Yin et al., 2010; Duarah and Phukan, 2011) 331 
and evidence heterogeneities in lithological erodibility. However, while significant plan-form 332 
control on flow routing is exerted by these features, comparison of linear channels with 333 
their non-linear neighbours reveals limited elevation differences in the south and central 334 
plateau region, suggesting that the extent of perturbations in long profile form driven by 335 
these linear features is limited in the context of the large vertical scales (> hundreds of 336 
meters) considered in this analysis. However, the preferential exploitation of linear features 337 
  
by river channels appears to significantly perturb channel profiles in the north-eastern 338 
plateau region. 339 
 340 
In a framework where fluvial incision rates scale with stream power or shear stress, river 341 
profiles are expected to be inherently sensitive to long-term changes in precipitation. 342 
Records from cave speleothems (Berkelhammer et al., 2012, Dutt et al., 2015) suggest that 343 
monsoon strength fluctuates cyclically on millennial timescales, but records from ocean 344 
sediments (Dettman et al., 2001) reveal that strong Indian Summer Monsoons have been 345 
persistent for over 10 Ma. As the exhumation history of the plateau falls largely within this 346 
timeframe, we assume channel profiles in the Shillong Plateau have not been significantly 347 
perturbed by long-term climatic variability.  348 
 349 
If we assume ksn values can be used as a proxy for erosion rates (e.g., Kirby and Whipple, 350 
2012), the ksn data suggest that all southern catchments are experiencing high erosion rates 351 
in the 30-50 km upstream of the Dauki Fault (Fig. 7b, 8). This however is inconsistent with 352 
the low erosion rates derived from 10Be concentrations in river sands for these steep, deeply 353 
incised channels, broadly on the order of 0.05 – 0.1 mm/yr (Rosenkranz et al., 2018). 354 
Therefore any interpretation of channel morphology must take into account the apparent 355 
discordance between the steep, incised topography along the southern boundary of the 356 
plateau and the low erosion rates inferred from 10Be concentrations.  These ‘incised 357 
channels’ are almost exclusively eroding basement rocks (Fig. 9) and changes in slope along 358 
the river profiles were found to not always coincide with recorded changes in lithology 359 
within the basement units (see also Prokop, 2014).  360 
 361 
  
The upper reaches of south draining channel networks typically display much lower ksn 362 
values, consistent with the low relief landscape we observe in the central plateau (Fig. 7b, 8). 363 
Some minor knickpoints are evident in these channel segments and many correlate with 364 
lithological variations, e.g., remnant patches of sediments where the sedimentary bedding is 365 
expressed in the elevation profiles as noted by Prokop (2014). Henceforth, these low ksn 366 
channels are referred to as ‘plateau-top channels’. The plateau-top channels are parallel in χ 367 
plots, suggesting spatially homogenous, low erosion rates (Fig. 8). This result is consistent 368 
the independent records of exhumation from thermochronology which show that the 369 
modern plateau surface must have been buried under a minimum of 3 km of sediment but 370 
that exhumation has been extremely slow over the last 5.5-3.5 Ma (Biswas et al., 2007; Clark 371 
and Bilham, 2008). It is also supported by recent 10Be data showing extremely low bedrock 372 
erosion rates on the plateau surface, ranging between 0.002 and 0.006 mm/yr (Rosenkranz 373 
et al., 2018). Catchment-averaged erosion rates from 10Be concentrations in river sand on 374 
the plateau surface were found to be surprisingly very high, higher than in the incised 375 
channels, on the order of 0.14 – 0.2 mm/yr (Rosenkranz et al., 2018); however, the authors 376 
attribute the high rates to recent anthropogenic disturbance (deforestation and soil 377 
degradation). 378 
 379 
Geological maps and cross-sections show that the plateau surface approximates the 380 
exposed contact between the sedimentary cover and the crystalline basement (Biswas et al., 381 
2007). This is evidenced by the preservation of small patches of Palaeogene and Cretaceous 382 
marine sediments scattered across the central plateau and found >50 km north of the 383 
southern plateau margin, appearing as thin veneers on cross-sections (Mukherjee et al., 384 
2012a, 2012b, 2013a, 2013b, 2013c, 2014) (Fig. 10). This outcrop pattern shows there has 385 
  
been almost complete erosion of the sedimentary cover rocks but only limited incision into 386 
the basement rocks of the central plateau. The surface created by the stripping of this 387 
stratigraphic contact is evident in topographic profiles (Fig. 4) and accounts for the 388 
systematic variations in the elevation of plateau-top channel segments observed in χ plots 389 
(i.e., dome shape reflected in decreasing plateau-top channel elevation east and westwards, 390 
away from the centre, Fig. 8). These observations suggest that the long profile morphology 391 
of the plateau-top channels is controlled by a low-relief palaeosurface that forms the 392 
stratigraphic contact between the sedimentary cover and the basement rocks. The low 393 
slope of this exposed palaeaosurface limits the erosive potential of these channels, 394 
consistent with the low values of ksn observed. It is important to note that, in places, the 395 
high contrast in erodibility is found within the sedimentary cover, as the lowest sedimentary 396 
unit can be more resistant to erosion than the overlying sedimentary layers (Fig. 5b). In 397 
most places, the boundary between erodible and resistant rocks is found at, or within 200 m 398 
of, the sediment-basement contact. 399 
 400 
Convex-up channels incising uniform lithology upstream of an active fault are typically 401 
interpreted as recording an increase in the displacement rate on the fault (e.g., Whittaker et 402 
al., 2008; Attal et al., 2011; Kirby and Whipple, 2012). In a χ-plot, such channels would 403 
appear with an inflexion point separating a steep section upstream of the fault (section 404 
adjusted to the new throw rate) and a less steep section upstream of the inflexion point 405 
representing the ‘relict’ landscape that has not yet responded to the change in throw rate. 406 
The gradient of the χ-profile represents the channel steepness ksn (Royden et al., 2000; 407 
Perron and Royden, 2013). Within a given catchment, channels and tributaries incising 408 
uniform lithology are expected to collapse into a single profile in χ–elevation space; if 409 
  
adjacent catchments are experiencing similar forcing, they too are expected to collapse on 410 
the same profile. Whereas the χ-plots of the southern catchments display such form overall, 411 
we note spatial variations in ksn between and within these catchments that are inconsistent 412 
with this model (Fig. 7b, 8). While some noise is expected in real channel networks, χ-plots 413 
of southern draining rivers reveal channel networks where different channels display 414 
markedly different gradients in χ-elevation space (Fig. 8: see for example catchment 14 - the 415 
Umngot River). Plateau-top channels systematically plot at different elevations with similar 416 
gradients in χ-elevation space, tracing the stratigraphic contact between basement rocks 417 
and cover sediments. 418 
 419 
Channel networks with outlets on the northern margin of the plateau (Fig. 11) display 420 
patterns of steepness similar to those observed within the southern channel networks, with 421 
low-gradient plateau-top channels connecting to the Brahmaputra River via steep channels; 422 
the vertical magnitude of the knickzones (steepened reaches) is variable, from 400 to in 423 
excess of 1000 m (Fig. 11). In general, the northern catchments are more heterogeneous 424 
than the southern catchments, with significant within-catchment variability in channel 425 
steepness. As they reach the Brahmaputra valley, some of the northern channels undergo a 426 
dramatic downstream transition from a continuously steep bedrock channel dominated by 427 
large boulders to a low gradient, sandy alluvial channel; the change can occur very abruptly 428 
(e.g., within ~100 m on the Umkhen River #7, Fig. 3, 11; see transition at latitude 25.957204 429 
and longitude 92.519296 on Google Maps, retrieved 18/07/2018) and is not coincident with 430 
an obvious change in valley relief. The main topographic differences with the southern 431 
margin are that the plateau margin is irregular in plan-form (instead of linear) and that the 432 
dissection is more irregular than and not as dramatic as in the south. 433 
  
 434 
4.3. Scarps as significant morphological features on the plateau 435 
A number of topographic scarps exist on the Shillong Plateau. Notably, the 50 km long, ~500 436 
m high, northeast facing Khri scarp in the center-north of the Shillong Plateau, delineates 437 
the most northerly extent of the high-altitude, low relief plateau landscape (Fig. 1). 438 
Channels that dissect this scarp display high ksn values upstream (Fig. 1, 7, 10). The Khri 439 
scarp is cut into basement rocks and does not correlate with any lithological contacts in 440 
geological maps (Mukherjee et al., 2012a, 2012b, 2013a, 2013b, 2013c, 2014). Another 30 441 
km long, 400 m high, northeast facing scarp, is located at the southwest corner of the 442 
plateau, following the SW side of the Kynshi River (river #9, Fig. 1, 3).  443 
 444 
The Kynshi scarp is made of Cretaceous – Paleogene cover sediment and its base coincides 445 
with the contact with the crystalline basement rocks. Similar, although smaller and less 446 
extensive, north-facing scarps, are present in the sedimentary rocks perched on the 447 
interfluvial plateau remnants along the southern plateau margin (Fig. 1). Similar to the 448 
Kynshi scarp, the base of these scarps is controlled by planar stratigraphic contacts between 449 
the sedimentary cover and either basement rocks or the oldest, hardest sedimentary strata 450 
immediately on top of the basement. 451 
 452 
5. Discussion 453 
5.1. Drainage network planform and river capture 454 
Despite not being able to compare χ values across the divide separating northern and 455 
southern catchments (due to differences in base level), longitudinal χ coordinate mapping 456 
  
reveals overall equilibrium between major catchments, demonstrating the planform 457 
stability of the large-scale drainage network in the Shillong Plateau. At the local scale, 458 
significant differences in χ coordinates across drainage divides do occur. Across-divide 459 
differences in the Umiam catchment (#6) may reflect the natural propensity for an 460 
extremely narrow catchment to widen, whereas the differences along the eastern boundary 461 
of the Umngot catchment (#14) (Fig. 3, 7a) may indicate progressive plateau integration and 462 
drainage area gain, consistent with the observation that the eastern branch of the Umngot 463 
is more entrenched than its neighbours on the plateau (Fig. 1, 3).  Differences in χ values 464 
and abundant headless channels observed in south draining catchments show internal 465 
drainage reorganisation; river capture is actively occurring around the northern edges of 466 
interfluve plateau remnants surrounded by deeply incised river valleys. The depth of incision 467 
of the captor channel is typically more than one order of magnitude greater than that of the 468 
headless, victimized channel: the low entrenchment of plateau top-channels (low relief) is 469 
likely to facilitate capture by their deeply incised neighbours.  470 
 471 
The general trend for the NE-SW elongation of catchments on the Shillong Plateau is 472 
directionally coincident with the dominant structural fabric of the sheared basement rocks 473 
and the trend of the Badapani-Tyrsad shear zone (Fig. 1). Yin et al. (2010) argue for Tertiary 474 
activity of the Badapani-Tyrsad shear zone based on its notable topographic expression, the 475 
spectacular elongation of the Umiam catchment (#6, Fig. 3) and hair-pin geometry of the 476 
same river observed crossing the fault. However, examination of the numerous sections of 477 
rivers crossing the proposed shear zone and, presumably, experiencing the same proposed 478 
offset reveals only a single example of such geometry. Additionally, the magnitude of lateral 479 
offset required to shear catchments to the observed degree is not realistic in the wider 480 
  
geological context of the plateau: catchment width is more than an order of magnitude 481 
shorter than catchment length, which would require tens of km of displacement (see Hallet 482 
and Molnar, 2001).  483 
 484 
Where catchments are being actively sheared, dynamic reorganisation of drainage basins is 485 
to be expected, which should lead to systematic differences in χ values at divides (Hallet and 486 
Molnar, 2001; Castelltort et al., 2012; Goren et al., 2015). However the overall inter-487 
catchment equilibrium revealed by the χ coordinate map of the Shillong Plateau (Fig. 7a) 488 
suggests active shearing of catchments is unlikely to be occurring. Instead, we attribute 489 
catchment elongation to differential erosion of previously sheared basement rocks, creating 490 
NE-SW trending topographic ridges which serve to isolate catchments, and linear 491 
weaknesses that entrain rivers. Indeed, lineaments topographically expressed by 492 
preferential river incision are common throughout the Shillong Plateau (Fig. 1). These 493 
features have been noted by a number of authors who have attempted to use satellite 494 
imagery to map the structure of the basement rocks and infer tectonic information (e.g., 495 
Gupta and Sen, 1988; Das et al., 1995; Biswas and Grasemann, 2005; Yin et al., 2010; Duarah 496 
and Phukan, 2011).  497 
 498 
5.2. Topographic evolution of the northern Shillong Plateau  499 
The northern plateau margin with the Brahmaputra valley sediments is convoluted, 500 
suggesting that it is not directly fault-controlled. The intricate plateau margin and outcrops 501 
of basement rocks north of the Brahmaputra, observed to within 30 km of the Himalayan 502 
mountain front (Fig. 2), imply that the basement surface underneath the alluvial sediments 503 
of the Brahmaputra valley is highly irregular. The abrupt transition from steep boulder and 504 
  
bedrock channels to alluvial channels along the boundary of the plateau (e.g Umkhen River, 505 
see section 4.2), combined with no obvious change in valley relief at this transition, and the 506 
very low relief across the Brahamputra valley, imply recent aggradation leading to the burial 507 
of pre-existing topography.  508 
 509 
Thermochronology data show the basement rocks of the northern Plateau region were 510 
exposed in the late Cretaceous, buried under 1.15 to 2.75 km of sediment, and exhumed in 511 
the late tertiary (Biswas et al., 2007). This implies that rock uplift led to the entire stripping 512 
of this post-Cretaceous sedimentary package and exposure of the basement rocks along the 513 
northern margin of the plateau. The knickzones along the northern channels may represent 514 
the topographic response to uplift and local steepening driven by faulting of crustal flexure 515 
(e.g., Clark and Bilham, 2008), or may be antecedent landscape features that were buried 516 
during the late Cretaceous – Tertiary and re-exhumed following the post-Miocene uplift of 517 
the plateau.  518 
 519 
We hypothesise that the base-level fall signal needed to expose the basement along the 520 
northern channels (Fig. 11) is punctuated by ‘noisy’ dynamic fluctuations in the elevation of 521 
Brahmaputra valley sediments, consistent with the observation by Rajendran et al. (2004) of 522 
abundant patches of “older alluvium” fringing basement rock outcrops in the Brahmaputra 523 
valley. Such scenario seems reasonable, as the Brahmaputra has the highest sediment load 524 
of all the rivers on Earth (Milliman and Syvitski, 1992) and sediment pulses can be generated 525 
by stochastic events such as earthquakes (e.g., Schwanghart et al., 2016) and floods (Sarma, 526 
2005). In short, channel morphology in the northern region is complex and possibly 527 
controlled by the inheritance of ancient river channels that were buried under sediment in 528 
  
the late Cretaceous (Biswas et al., 2007). It seems probable that this Cretaceous landscape 529 
effectively continues underneath the Brahmaputra valley, buried under Cretaceous – 530 
Tertiary cover (Clark and Bilham, 2008) that is itself covered in modern alluvium. High-531 
resolution imaging of the basement surface underneath the Brahmaputra valley sediments 532 
could test the interpretations presented here and provide key insights into the evolution of 533 
the northern plateau. 534 
 535 
5.3. Stripping mechanisms in the southern Shillong Plateau  536 
Topographic and geological observations reveal the almost complete stripping of the 537 
sedimentary rocks that cover basement units across the southern and central plateau region, 538 
re-exposing a basement palaeosurface which forms the modern plateau surface (Fig. 4, 10). 539 
As the landscape has inherited the topography of this exhumed, low-gradient, low-relief 540 
palaeosurface, it has also inherited low slopes which limit the rate of erosion in channels 541 
and on hillslopes and encourages the development of an apparently mature landscape (Fig 542 
5a). The shape of the basement palaeosurface has been slightly modified by deformation 543 
from a once presumably flat landscape, as evidenced by its domed shape (e.g., Fig. 4), 544 
leading to spatial variation in plateau surface slopes (Rosenkranz et al., 2018).  545 
 546 
The observation of large, abundant scarps in the remnants of sedimentary cover suggests 547 
that scarp retreat may have been an important process in generating the modern 548 
topography of the Shillong Plateau. Indeed, scarp retreat has been identified as a 549 
fundamental process of landscape evolution in many landscapes where significant 550 
thicknesses of sub horizontal, well-stratified sediments are being eroded, for example: in 551 
the Colorado Plateau in the southwest USA (e.g., Schmidt, 1989); in the  hapada  do  Araripe 552 
  
plateau in Northern Brazil (de Carvalho Júnior, 2015; Peulvast and Bétard, 2015); in the 553 
Tepui landscape of the Gran Sabana in Venezuela (Piccini and Mecchia, 2009; Mecchia et al., 554 
2014). Karstic cave formation and subsequent collapse has been shown to be an important 555 
mechanism for generating the scarp-bound Tepui plateaus in Venezuela (Wray, 2009; 556 
Mecchia et al., 2014). The abundance of caves and karst formations in the sediments of the 557 
Shillong Plateau suggests this process may also have played an important role in the 558 
plateau’s landscape evolution. The scarps observed in remnant sedimentary rocks in the 559 
Shillong Plateau (e.g., Kynshi Scarp, Fig. 1) consistently face the center of the plateau, 560 
counterintuitively suggesting scarp retreat from the center of the plateau towards the Dauki 561 
Fault. This model is consistent with the observation that all the remnant sedimentary cover 562 
is found along the edge of the southern plateau margin (Fig. 2, 10). We might intuitively 563 
expect the preservation of sedimentary remnants at the highest elevation regions in the 564 
central plateau (e.g., Braun et al., 2014), so how can this spatial pattern of sedimentary 565 
cover be explained?   566 
 567 
Recent theoretical work investigating the evolution of landscapes composed of layered 568 
rocks characterized by differences in erodibility provides a possible explanation: Forte et al. 569 
(2016) used an evolution of the Channel-Hillslope Integrated Landscape Development 570 
(CHILD) model (Tucker et al., 2001) to investigate the erosion of a stratigraphic package of 571 
two different lithologies with different erodibilities (one ‘hard’ and one ‘soft’). They 572 
modelled a scenario where a landscape with an open boundary on one side (‘south’) is 573 
uplifted at a constant rate; softer rocks overlie hard rocks, with a contact dipping 5° towards 574 
the open boundary. This situation is almost directly analogous to the geological setting of 575 
the southern Shillong Plateau, where several km of sedimentary rock overlaid presumably 576 
  
less erodible crystalline basement along a planar contact dipping ~5° south towards the 577 
Dauki fault, with catchments also draining southwards (Fig. 12). The results from this 578 
numerical experiment show uniformly high erosion rates across the entire surface of the 579 
softer lithology until the underlying hard lithology is exposed, first at the upstream 580 
boundary (‘north’) (Forte et al., 2016). A wave of low erosion rates then propagates through 581 
the landscape from north to south, as more resistant rocks are progressively exposed, 582 
eventually leaving only small patches of soft rock perched on high interfluvial ridges near 583 
the outlet boundary (south). The exposure of the hard rocks leads to the development of a 584 
low relief surface with erosion rates significantly lower than the rock uplift rate, thus driving 585 
surface uplift. When most of the softer lithology has been eroded away, a pulse of incision 586 
develops in the lower reaches of the channels (south) and begins generating significant 587 
relief in the underlying hard rocks. The spatial pattern of erosion rates in the landscape at 588 
the stage when only minor remnants of the softer lithology remain near the outlet boundary 589 
closely resembles the spatial pattern of steepness that our topographic analysis reveal in 590 
the Shillong Plateau. Additionally, the pattern of sedimentary rocks left along the southern 591 
plateau margin (Mukherjee et al., 2012a, 2012b, 2013a, 2013b, 2013c, 2014) bears a striking 592 
similarity to these model results (Fig. 10). Forte et al. (2016) found that the dynamic 593 
patterns of landscape evolution were extremely sensitive to the slope of the stratigraphic 594 
contact: with a horizontal contact, soft rock was stripped in the opposite direction, from the 595 
open boundary upstream through the channel network. Therefore we suggest, with the 596 
benefit of insights from theoretical work (Braun et al., 2014; Forte et al., 2016), that the 597 
slope of the contact between the sedimentary cover and the basement rocks (~5° towards 598 
the south in the southern plateau) plays a fundamental role in controlling the observed 599 
  
distribution of remnant sedimentary cover, the direction of scarp retreat and indeed 600 
landscape evolution as a whole (Fig. 12).  601 
 602 
Further, we seek to explain the observed variability in channel profiles along the southern 603 
margin of the plateau. The degree and depth of incision in incised channels appears to 604 
positively correlate with the slope of the plateau/basement surface: catchments at the 605 
eastern and western extremities, where the plateau surface is more gently sloping, are less 606 
deeply incised than in the centre of the southern region: deepest incision correlates with 607 
steepest plateau surface slopes (Fig 1, 4a). Thus, the variability in channel profiles and 608 
incision depths can hypothetically be accounted for by a model of incision dependent on the 609 
slope of the inherited basement contact surface, though we note that slope and total 610 
potential relief are correlated due to the dome shape of the palaeosurface (Fig. 4). However, 611 
this model does not satisfactorily account for the abruptness of the amphitheatre-like 612 
headwalls of the incised channel valleys: if incision depth were directly dependent on 613 
plateau surface slope, we would expect gradual diffusion of the incised valleys into the 614 
plateau, as the slope of the basement tends to gradually increase away from the centre of 615 
the dome.  616 
 617 
We therefore speculate the existence of a critical threshold slope and/or sediment flux that 618 
must be exceeded to generate significant incision. Once this threshold has been exceeded 619 
and incision has begun, it is plausible that incised reaches may experience a positive 620 
erosional feedback following the generation of sediment for use as ‘tools’ for erosion (e.g., 621 
Gilbert, 1877; Sklar & Dietrich, 1998, 2001, 2004), although knickpoints may struggle to 622 
retreat headward if starved of sediment due to slow erosion in the plateau-top channels. 623 
  
Brocard et al. (2016) demonstrated that high-elevation, low-relief relict landscapes can limit 624 
the rate of headward incision in steep downstream channels by moderating the flux and 625 
grain size distribution of sediment (see also Attal et al., 2015), thereby limiting erosion. A 626 
similar model would neatly account for the amphitheatre morphology of the incised river 627 
valleys along the southern plateau margin. This model could also explain the surprising 628 
preservation of the low-relief plateau landscape in what would initially appear a highly 629 
erosive setting: rapid uplift combined with record-breaking precipitation.  630 
 631 
However, this positive erosional feedback is challenged by recent 10Be-derived, low erosion 632 
rates in the incised portions of the southern catchments (~0.05 – 0.1 mm/yr), which appear 633 
inconsistent with the exceptionally high precipitation rates and very steep channels and 634 
hillslopes (Rosenkranz et al., 2018). Rosenkranz et al. (2018) explain this observation by 635 
highlighting that low precipitation variability relative to a high erosion threshold in resistant 636 
rocks, as well as dense vegetation cover on hillslopes, may inhibit erosion. Our work builds 637 
on this hypothesis, in particular regarding the influence of thresholds. We do believe that 638 
there is enough precipitation variability to drive significant floods, as evidenced by very clear 639 
high-flow lines separating densely vegetated hillslopes from clean, polished bedrock 640 
surfaces in all channels; such lines were found up to 20 m above dry season low-flow lines 641 
(Fig. 9). However, our widespread observation of steep bedrock reaches strewn with 642 
boulders that are several metres in diameter and exhibit extensive potholes and flutes (Fig. 643 
9) indicates long-term stability: such large boulders will only be moved during the very 644 
highest discharge, or following size reduction through abrasion (e.g. Cook et al., 2018). This 645 
observation highlights a potential negative feedback that is initiated once incision has 646 
reached a given amount: the formation of deep narrow gorges will lead to increased 647 
  
delivery of large blocks (via rockfalls and landslides) which may in turn inhibit river incision 648 
(Howard et al., 1994; Attal, 2017; Shobe et al., 2018).  649 
 650 
5.4. Topography and tectonic models of Shillong Plateau structure 651 
Different authors have favoured different interpretations of the major tectonic structures 652 
that drive the uplift and exhumation of the Shillong Plateau. The linear southern boundary 653 
of the plateau has variably been interpreted as representing the location of a surface-654 
rupturing Dauki fault (following the “pop-up” model of Bilham and England, 2001) or as the 655 
axial trace of a large scale, south-vergent monocline produced by a Dauki Fault that only 656 
exists at depth (Clark and Bilham, 2008) (Fig. 12). There is debate about which, if any, major 657 
fault(s) control uplift on the northern side of the Shillong Plateau (Rajendran et al, 2004; Yin 658 
et al., 2010). Here we discuss the relevance of our topographic and geological observations 659 
to the tectonic framework of the Shillong Plateau. 660 
 661 
The stratigraphic surface of the basement rocks, presumably once flat, is deformed in both 662 
north-south and east-west directions, giving an overall dome shape (Fig. 4). This 663 
deformation is clearly evident in plateau-top rivers that trace this stratigraphic contact (Fig. 664 
8). Rosenkranz et al. (2018) also noted this feature of the drainage network and, based on 665 
the assumption that the channel network is transiently responding to uplift, suggested that 666 
the different elevations of major knickpoints below plateau-top channels evidences 667 
differential uplift of the southern plateau margin, with maximum uplift in the centre.  We 668 
argue that, as the plateau-top channels simply represent a stratigraphic contact and the 669 
transient migration of knickpoints has been substantially complicated by layered lithologies 670 
  
of varying erodibility, the channels cannot be used to infer active deformation of the 671 
plateau surface or differential uplift. Whether the doming deformation of the stratigraphic 672 
contact between basement rocks and the sediments occurred prior to the onset of 673 
exhumation or is associated with the rise of the plateau remains an open question. The 674 
linear margin of the southern Shillong Plateau is not definitive evidence for a surface-675 
rupturing plateau-bounding fault: the linearity of the margin’s topography is also consistent 676 
with the stripping of soft overlying strata along planar contacts under the south-vergent 677 
monocline model (Clark and Bilham, 2008) (Fig. 12).  678 
 679 
In the northwest, the topographic expression and geology of the Khri Scarp, which 680 
delineates the northern boundary of the high-elevation low-topography plateau, lends itself 681 
to interpretation as an active fault scarp. The scarp may be the topographic expression of 682 
rupture on the Oldham fault, the existence of which was originally inferred based on re-683 
analysis of geodetic data (Bilham and England, 2001; England and Bilham, 2015). 684 
Subsequently, its existence was supported by thermochronology studies (Clark and Bilham, 685 
2008; Biswas et al, 2007) and topographic metrics such as normalized channel steepness 686 
(Clark and Bilham, 2008) and incision depth (England and Bilham, 2015). Local steepening of 687 
channels at the scarp revealed by the analysis of the χ profiles (Fig. 7b, 11a), despite no 688 
lithological change, is consistent with the Khri scarp’s interpretation as an active fault scarp. 689 
In the northeast, basement rocks have been uplifted (Biswas et la., 2007; Clark and Bilham, 690 
2008) and exposed (Fig. 2) on the Himalayan side of the Oldham fault suggesting that 691 
movement on the Oldham fault is not the only tectonic deformation controlling Plateau 692 
uplift to the north. The morphology of the northern plateau margin shows it is not 693 
  
immediately bound by a single linear fault as in the south (see discussion in section 5.2), 694 
suggesting the tectonic uplift is possibly accommodated by (e.g., Clark and Bilham, 2008): (i) 695 
flexure of the crust across the Himalayan foreland, (ii) blind faulting at depth, or (iii) a 696 
complex array of faults reaching the surface in the Brahmaputra valley sediments, the 697 
topographic signature of which is readily erased by levelling processes in the soft alluvium or 698 
episodic aggradation across the Brahmaputra valley. 699 
 700 
5.5. Implications for the evolution of the Shillong Plateau and the analysis of river long 701 
profiles 702 
The geomorphology of the Shillong Plateau shows that differences in lithological erodibility 703 
in layered rocks can have dramatic effects on channel profile form, which can be inherited 704 
even after the contrasting rocks are no longer preserved. Recent research has argued that 705 
the contrast in rock erodibility between basement and sedimentary cover ‘is not the 706 
dominant factor responsible for the change from exhumation to surface uplift’ and invoked 707 
a tectonic driver instead (Govin et al., 2018). Govin et al. (2018) observe a ~3.5 Ma lag 708 
between initiation of surface uplift and the moment basement rocks from the Shillong 709 
Plateau become the primary sediment contributor to the sedimentary basin to the south 710 
(after 1.5 Ma), which they interpret as evidence to support an increase in fault slip rate at 711 
the end of the Miocene. However, we argue that exhumation of resistant basement rocks 712 
can explain both modern morphology and the lag time between exhumation, surface uplift 713 
and release of crystalline basement lithologies without requiring an increase in rock uplift 714 
rate.  715 
 716 
  
Firstly, recent modelling by Forte et al. (2016) shows that exhumation of a tilted contact 717 
between a ‘soft’ lithology and its underlying ‘hard’ basement can lead to surface uplift and 718 
spatial distribution of exposure consistent with observed patterns across the Shillong 719 
Plateau. Their study shows that when the hard lithology is exposed over a given area, the 720 
erosion rate drops over the area, which is what drives surface uplift. Therefore, the hard 721 
lithology does not become a significant contributor of sediment to the sedimentary basin 722 
until the erosion rate over the areas where it is exposed increases (see transition from “2-723 
3.5 Ma” to “present day” stages in Fig. 12): a delay between rock exposure and supply to 724 
the basin is thus expected. In the model by Forte et al. (2016), the timescale over which 725 
erosion rates across the hard lithology re-equilibrate to the uplift rates is on the order of 726 
millions of years. We acknowledge that the modelling study is simplistic and not calibrated 727 
to the Shillong Plateau, albeit performed on a similar scale. This result nevertheless offers a 728 
mechanism which could contribute to the ~3.5 Ma delay between surface uplift and the 729 
arrival of significant amounts of basement-derived sediment to the sedimentary basin to the 730 
south. Secondly, we observe in places that the basement rocks are overlain by sedimentary 731 
strata that are sufficiently durable to form scarp slopes and retain high topography (Fig. 5c). 732 
Therefore, it is also possible that the initial growth of higher elevation topography did not 733 
require full exposure of crystalline basement, but was initially driven by the increasing 734 
exposure of the lowest part of the sedimentary cover that had been buried and gained great 735 
rock strength. Such process could have delayed the emersion of the crystalline basement 736 
and thus the delivery of basement-derived sediment to the basin to the south. Considering 737 
this hardened sedimentary succession is up to 200 m thick in places, it seems reasonable to 738 
expect a delay of a few millions of years between accelerated surface uplift and delivery of 739 
basement clasts to the Surma Basin, given erosion rates of 0.05 to 0.1 mm/yr. 740 
  
 741 
We argue that the channel profiles in the Shillong Plateau cannot be interpreted (in the style 742 
of Kirby and Whipple, 2001) as a record of uplift resulting from activity along the Dauki fault. 743 
Instead, the profiles primarily preserve information about stratigraphy. Therefore, when 744 
attempting to use river long profiles as records of uplift, it is important to consider not only 745 
the rocks the river is currently incising but also the rocks that have been incised in the past. 746 
This would require a firm evidence-based understanding of the relative erodibility of rocks, 747 
which remains outstanding, and detailed geological information about lithological packages 748 
which may no longer be preserved, thus presenting a challenge for future geomorphological 749 
studies. 750 
 751 
6. Conclusions  752 
The topographic character of the northern Shillong Plateau region is systematically different 753 
to that of the southern and central plateau. A zone of high steepness is observed in the 754 
lower reaches of northeast draining rivers, although there is not sufficient evidence to 755 
definitively attribute these knickzones to base level fall or lithological variation. The plateau 756 
boundary is highly irregular in plan-view, testifying to the active stripping followed by 757 
aggradation of sediment from the Brahmaputra valley; the Brahamputra River exerts a base 758 
level control on the rivers draining the northern edge of the Shillong Plateau. Catchment 759 
morphology and topography in the northern Shillong Plateau is dominantly controlled by 760 
the structure of basement rocks and the topographic features of the north-eastern region 761 
are reminiscent of stable cratonic interior landscapes. We favour a model where the 762 
topography and river profiles effectively represent a reactivated Mesozoic landscape, 763 
  
consistent with burial in the late cretaceous and re-exposure by sediment stripping under 764 
the present phase of exhumation which began in the Miocene.  765 
 766 
The southern and central Shillong Plateau has been planated by the preferential erosion of 767 
cover sediments along the contact with the basement, re-exposing a palaeosurface which is 768 
expressed as the modern low relief surface of the Shillong Plateau.  Scarp retreat towards 769 
the plateau margins appears to be an important erosion mechanism, facilitating the 770 
effective removal of sediments from the low gradient palaeosurface.  The plateau margins 771 
are fluvially dissected, generating > 1500 m of relief.  Such high contrasts in steepness 772 
within catchment networks appear to be facilitating the internal reorganisation of drainage 773 
networks, as evidenced by river capture events. Our observations support recent work 774 
documenting erosion rates in the steep, incised parts of the landscape (Rosenkranz et al., 775 
2018): despite record-breaking rainfall, erosion is very slow (~0.05-0.2 mm/yr) due to very 776 
high erosion thresholds resulting from the mantling of the river bed by very large boulders. 777 
 778 
We acknowledge that surface rupture of the Dauki Fault and/or an increase in fault slip rate 779 
may explain (i) deep incision along the southern plateau margin, (ii) the lag time between 780 
exhumation (beginning in the early Miocene) and surface uplift (initiating at the end of the 781 
Miocene) of the Shillong Plateau, and (iii) the ~3.5 Ma lag time between the initiation of 782 
surface uplift and the arrival of significant amounts of basement-derived sediment to the 783 
sedimentary basin to the south. However, we argue that exhumation of the tilted basement 784 
surface can explain all observations without recourse to changing fault slip rates, and that 785 
indurated sedimentary rocks immediately above the basement may have delayed the arrival 786 
of basement-derived sediment in the Surma basin. We propose that the surface slope of the 787 
  
exposed basement contact is exerting a control on the spatial pattern of fluvial incision, with 788 
headward retreat possibly moderated by low sediment fluxes from the plateau interior.  789 
This model of landscape evolution, supported by insights from previous theoretical work, 790 
neatly accounts for the spatial variations in topography, erosion rates, sedimentary cover 791 
and incision depth observed in the Shillong Plateau. 792 
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Figure caption 1077 
Figure 1: Topographic map and swath profiles of the Shillong Plateau. ~30 m resolution data 1078 
from the Shuttle Radar Topography Mission (SRTM) were used. Northing and Easting (in km) 1079 
is UTM WGS 1984 Zone 46N. Location of swaths is indicated by dashed boxes on the map. 1080 
Major structural features, scarps (discussed in text) and location of photos (stars with 1081 
corresponding figure labelled in italics) and cross-sections are indicated. 1082 
 1083 
Figure 2: (a) Schematic geological map of the Shillong Plateau and surrounding area, 1084 
adapted from Mukherjee et al., 2012a, 2012b, 2013a, 2013b, 2013c, 2014, Clark and Bilham, 1085 
2008, Yin et al., 2010, and Prokop, 2014. MFT, MBT and MCT are major Himalayan thrust 1086 
faults: Main Frontal Thrust, Main Boundary Thrust and Main Central Thrust, respectively. 1087 
BTSZ is the Badapani-Tyrsad Shear Zone . ‘Shillong group’ rocks are meta-sedimentary 1088 
(quartzite, schist, conglomerate). Circled X and Y represent tips of the section shown in B. 1089 
  
(For interpretation of the references to colour in this figure legend, the reader is referred to 1090 
the web version of this article.) (b) North-South (X-Y) crustal cross-section adapted from 1091 
Biswas et al., 2007. Upward and downward block arrows represent areas of uplift and 1092 
subsidence, respectively. Dark grey represents post-Cretaceous sediment; white is 1093 
metamorphic and igneous basement. Light grey and vertical hash represent minimum and 1094 
maximum thickness of cover removed by erosion, respectively, derived from 1095 
thermochronological data (Biswas et al., 2007). 1096 
 1097 
Figure 3: Catchment map of major catchments draining the Shillong Plateau. Not all local 1098 
river names are known, but known names are 3: Wah Khri; 4: Umtrew; 6: Umiam; 7: 1099 
Umkhen; 8: Wah Blei; 9: Kynshi; 10: Um Rilang; 11: Umngi; 12: Umiew; 13: Umraw; 14: 1100 
Umngot (known as the Dauki River after crossing the Bangladesh border); 15: Myntdu. 1101 
Catchment shadings distinguish between western catchments (1, 8, 9), northern and north-1102 
eastern catchments (2-4 and 5-7), and southern catchments (10-15).  1103 
 1104 
Figure 4: Topographic profiles highlighting the differences in character of topographic relief 1105 
between the southern (top) and northern (bottom) plateau regions. Profiles are located on 1106 
Fig. 1 (indicated by letters with subscript). 1107 
 1108 
Figure 5: Landscape photographs illustrating the Shillong Plateau’s geomorphology. All 1109 
pictures are from the southern part of the plateau (location of photographs in Fig. 1). (a) A 1110 
planated plateau surface (foreground and horizon) formed along a stratigraphic level in 1111 
cretaceous cover sediments with a deeply incised valley visible in the background. (b) 1112 
Amphitheatre headwall of a fluvial channel, showing topographic expression of contrast in 1113 
  
rock resistance to erosion. (c) View looking down the lower Kynshi River (below the 1114 
confluence of basins #8 and #9) with the ridgeline of the Kynshi scarp visible in the 1115 
background. The valley at this location approximately corresponds to the valley incised in 1116 
basement rocks in the centre of the cross section in Fig. 10c.  All photos by Joe Rea-Dickins, 1117 
2016. 1118 
 1119 
Figure 6:  Drainage stability in the Shillong Plateau. (a) χ map of the southern Shillong 1120 
Plateau. Differences in χ values can be seen in multiple places across drainage divides, in 1121 
particular on north-facing scarps in the south of the larger catchments. Red arrow shows 1122 
approximate viewpoint for the Google Earth imagery in panel (b), with potential capture 1123 
sites indicated with red stars. (b) Google Earth imagery showing contrast in relief between 1124 
plateau top and incised channels, and two potential capture sites characterised by low relief 1125 
saddles (stars). White arrows show structurally entrained drainage while white triangles 1126 
point towards potentially reverted drainage directions as a result of rapid incision by 1127 
aggressor channels (red arrows). Distance from eastern capture site (star) to the edge of the 1128 
plateau is indicated for scale (~6 km). 1129 
 1130 
Figure 7: (a) χ map on hillshade for major basins of the Shillong Plateau. Differences in χ 1131 
coordinate at drainage divides may reflect disequilibrium and potential drainage migration, 1132 
with the “aggressor” and “victim” catchments characterised by the lowest and highest χ 1133 
values, respectively (Willett et al., 2014). Disequilibrium seems to occur only locally, e.g., in 1134 
the narrowest stretch of the Umiam catchment (#6) and on the eastern boundary of the 1135 
Umngot catchment (#14). (b) Map of normalised steepness index ksn on hillshade for major 1136 
basins of the Shillong Plateau. Colour scale for ksn is logarithmic, with brighter colours 1137 
  
representing steeper channels. ~30 m resolution data from the Shuttle Radar Topography 1138 
Mission (SRTM). Northing and Easting (in km) is UTM WGS 1984 Zone 46N. In this figure, 1139 
threshold area for a channel is 1.75 km2.  1140 
 1141 
Figure 8: χ plots of the western (a) and southern channels (b, c). Basin numbers correspond 1142 
to Figure 3. The χ plots were generated using θ = 0.5 and A0 = 1 m
2. Profiles are coloured 1143 
according to the normalised steepness index ksn, with brighter colours representing steeper 1144 
channels. Note the clear contrast in steepness between plateau-top and incised channels, as 1145 
well as the doming shown by the decrease in elevation of plateau top channels away from 1146 
the centre of the area (eastward and westward from basin #12).  1147 
 1148 
Figure 9: Photographs illustrating the morphology of rivers draining the southern margin of 1149 
the Shillong Plateau (location of photographs in Fig. 1). Kayaks for scale are approximately 2-1150 
3 m long. (a) Mixed boulder/bedrock channel in the Umngot River (#14) with fluvial scouring. 1151 
(b) Mixed boulder/bedrock channel formed of basement rocks in the upper Kynshi River (#9). 1152 
Note the relatively low gradient, low entrenchment and limited bank scouring in this 1153 
plateau-top channel. (c) Dramatic high-water scour lines from monsoon flows on the lower 1154 
Kynshi River (below the confluence of basins #8 and #9), 10-15 meters above low flow water 1155 
level. (d) Large boulders in the Kynshi River (#9). (e) In-situ scoured and potholed boulders 1156 
in the Umsong River (#14). (f) Large boulder in the channel of the Kynshi River showing un-1157 
abraded surfaces, testifying to its relatively recent arrival in the channel via rockfall / 1158 
landsliding. Photographs by Zorba Laloo (a,b), Banshan Kharkonger (c), Chris Korbulic (d,f) 1159 
and Dan Rea-Dickins (e).  1160 
 1161 
  
Figure 10: (a) Modelled topography and geology resulting from fluvial and hillslope erosion 1162 
using the LithoCHILD model, adapted from Forte et al., 2016 (their Fig. 4C). In their model, 1163 
erodible rocks overly basement rocks that are five times more resistant to erosion; in this 1164 
scenario, the contact between the two units dips 5o toward the south. This figure shows 1165 
model result after 1.6 Ma, when most of the top erodible layer has been eroded away. (b) 1166 
Remnant patches of sedimentary cover rocks overlying crystalline basement in the central 1167 
part of the southern Shillong Plateau (from geological maps produced by the Geological 1168 
Survey of India (GSI) (Mukherjee et al., 2012a, 2012b, 2013a, 2013b, 2013c, 2014); the 1169 
patterns show similarities with the model results in (a). The X’-Y’ line represents the trace of 1170 
the cross-section (c). (c) Geological cross-section X’-Y’ illustrating the veneer of cover 1171 
sediments left on a planar basement contact following the stripping of sedimentary strata. 1172 
The cross-section was built using information (contacts, strike and dip of contacts) recorded 1173 
in maps produced by the GSI (Mukherjee et al., 2012a; 2012b; 2013a; 2013b; 2013c; 2014). 1174 
The north-facing scarp made of Cretaceous sediment is the Kynshi scarp. Note vertical 1175 
exaggeration (dip of contacts is ~5o). 1176 
 1177 
Figure 11: χ plots of the northern (a) and north-eastern channels (b). Basin numbers 1178 
correspond to Fig. 3. The χ plots were generated using θ = 0.5 and A0 = 1 m
2. Profiles are 1179 
coloured according to the normalised steepness index ksn, with brighter colours 1180 
representing steeper channels. 1181 
 1182 
Figure 12: Schematic block diagrams illustrating potential geomorphic evolution of the 1183 
southern margin of the Shillong Plateau based on our analysis. Displayed are two 1184 
interpretative progressions of landscape evolution through time, each illustrating a different 1185 
  
end-member tectonic hypothesis: a surface rupturing Dauki fault (left) (e.g. “pop-up” model 1186 
of Bilham and England, 2001) versus a large scale south-vergent monocline (right) (e.g. Clark 1187 
and Bilham, 2008). Note that the current landscape form and its evolution are displayed as 1188 
being broadly similar under both tectonic end-member models as the incision signal is 1189 
interpreted here as a consequence of the exhumation of the interface between the 1190 
sedimentary cover and the more resistant basement. Landscapes with uniform relief are 1191 
expected to be generated when one lithology is exposed at the surface for a time long 1192 
enough to reach equilibrium. 1193 
 1194 





Stratigraphic, sedimentological, and 




5-2 Ma Johnson and Alam, 
1991 
Apatite and zircon (U-Th-[Sm])/He and 
apatite fission track thermochronology 
15-9 Ma 4-~3 Ma Biswas et al., 2007 
Apatite (U-Th-Sm)/He thermochronology 14-8 Ma n/a Clark and Bilham, 
2008 
Flexural subsidence modelling of the Shylet 
Trough sedimentary basin 
n/a 3.5-~2 Ma Najman et al., 2016 
Erosion rates from detrital cosmogenic 
nuclide analysis and reconstruction of 
eroded volumes from topography 
n/a 5-3 Ma Rosenkranz et al., 
2015 
Dating of redirection of the palaeo-
Brahmaputra River using the Himalayan 
foreland basin sedimentary record 
n/a 5.2-4.9 Ma Govin et al., 2018 
 1195 
  
Table 1: Summary of recent work temporally constraining the uplift history of the Shillong 1196 
Plateau. Note the differentiation between onset of rock uplift (exhumation) and onset of 1197 
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